INTRODUCTION
The catalytic t riad, which consists of serine, histidine and aspartate residues, is an essential part of the catalytic machinery of serine peptidases. The role of Ser 195 and His 57 in chymotrypsin 4 families. The new family includes enzymes of different specificities, like the prolyl oligopeptidase itself, dipeptidyl-peptidase IV, acylaminoacyl-peptidase, and oligopeptidase B (14) (15) (16) (17) . They share the way of selecting and cleaving substrates of no longer than about 30 amino acid residues in total. Prolyl oligopeptidase (EC 3.4.21.26 ) is implicated in the metabolism of peptide hormones and neuropeptides (18) (19) (20) . Since specific inhibitors relieve scopolamineinduced amnesia (21) (22) (23) (24) , the enzyme is of pharmaceutical interest. The activity of prolyl oligopeptidase has also been associated with d epression (25, 26) and blood pressure regulation (27) . This work concentrates on two variants of prolyl oligopeptidase (D641N and D641A), which were prepared for studying the catalytic competence of Asp
641
. It is anticipated that the alanine residue is not able to stabilize the catalytic histidine in the unfavourable tautomer form, as found with D102N trypsin. Hence, the study of the two variants may permit discrimination between the charge and the hydrogen bonding effects of the Asp 641 on the imidazole ring.
EXPERIMENTAL PROCEDURES
Enzyme preparation -Prolyl oligopeptidase from porcine brain and its variants were expressed in Escherichia coli JM105 cells and purified as described previously (30) . The enzyme concentrations were determined at 280 nm (16) . Mutations were introduced with the two-step polymerase chain reaction as described for the Y473F mutant (30) . The following primers were used to produce the D641N mutant: 5'-CTCACaGCtGACCACaAcGACCGA-3' and 3'-GAGTGtCGaCTGGTGtTgCTGGCT-5'. An extra recognition site for PvuII restriction enzyme (underlined) was also created with silent mutations. The primers for the D641A mutation were as follows: 5'-GCCGACCAC GcgGACCGAGTGGTCC-3' and 3'-5 CGGCTGGTGCgcCTGGCTCACCAGG-5'. An RsrII restriction site (underlined) was also introduced with the alanine codon ( GCG), which was used to verify the incorporation of the mutant oligonucleotides into the PCR product.
Kinetics -The reaction of prolyl oligopeptidase with Z 1 -Gly-Pro-Nap (Bachem Ltd., Bubendorf, Switzerland) was measured fluorometrically, using a Cary Eclipse fluorescence spectrophotometer equipped with a Peltier four-position multicell h older accessory and a temperature controller. The excitation and emission wavelengths were 340 and 410 nm, respectively. Cells with excitation and emission path-lengths of 1.0 and 0.4 cm, respectively, were used. The substrate with internally quenched fluorescence, Abz-Gly-Phe-Gly-Pro-Phe-GlyPhe(NO 2 )-Ala-NH 2 , was prepared with solid phase synthesis, and its hydrolysis was followed as in the case of Z-Gly-Pro-Nap, except that the excitation and emission wavelengths were 337 and 420 nm, respectively.
The liberation of 4 -nitrophenol from Z -Gly-Pro-ONp was spectrophotometrically monitored at 400 nm. The hydrolysis of Z -Gly-Pro-SBzl was measured at 240 nm, which indicated the decrease in the absorbance of the thiolester.
The pseudo-first -order rate constants were measured at substrate concentrations lower than 0.1 K m and were calculated by non-linear regression data analysis, using the GraFit software (31).
The specificity rate constants (k cat /K m ) were obtained by dividing the first-order rate constant by the total enzyme concentration in the reaction mixture.
The Michaelis-Menten parameters ( kcat and Km) were determined with initial rate measurements, using substrate concentrations in the range of 0.2-5 Km value. Because of the poor solubility of Z -Gly-Pro-Nap, i n particular in the presence of 0.5 M NaCl, the reactions were carried out in the presence of 0.25 % acetonitrile, which caused about 20% inhibition of prolyl oligopeptidase. The kinetic parameters were calculated with nonlinear regression analysis. At very low K m the parameters were calculated from progress curves using the integrated Michaelis - Determination of dissociation constants -The K i values, the dissociation constants of the enzyme-inhibitor complex, were calculated from Equation 4 , where k i and k 0 are pseudo-firstorder rate constants determined at substrate concentrations < 0.1 Km in the presence and absence of inhibitor (I), respectively. In the case of slow reactions initial rates were measured instead of the first-order rate constants.
The dissociation constant for an internally quenched substrate was determined by measuring the fluorescence change upon binding of the substrate to the inactive S554A variant of prolyl oligopeptidase. The formation of enzyme-substrate complex at similar concentrations of the enzyme and substrate is described by Equation 5 , when the conditions for the Michaelis-Menten equation do not meet (34) .
where ES and K s are the enzyme -substrate complex and its dissociation constant, respectively.
The substrate (S 0 ) was saturated with increasing amounts of enzyme (E Alkylation with peptidyl-chloromethane -The Z-Gly-Pro-CH 2 Cl was prepared from Z-GlyPro-OH (Bachem Ltd.) by preparing the diazomethyl intermediate (21, 35) , which was then transformed into the product as previously described (36) . The oily compound was purified by HPLC.
The inactivation of prolyl oligopeptidase by the irreversible inhibitor, Z -Gly-Pro-CH 2 Cl, was followed in the presence of substrate (37, 38) under pseudo-first -order conditions (I 0 >> E 0 ). ZGly-Pro-Nap or suc-Gly-Pro-Nan was used as substrates at high enough concentrations, so that less than 10 % of substrate was consumed during the complete inactivation of the enzyme. The first-order apparent rate constant of inactivation, kapp was calculated from Equation. 7, where P and P inf are the concentrations of the product at times t and t infinite (when the enzyme is completely inactivated), respectively. If k app , which is dependent on the inhibitor concentration, is plotted against I, k inact and K i(app) can be obtained from Equation 8 , using nonlinear regression analysis. Under the conditions employed S 0 << K m , therefore K i(app) = K i . P = P inf (1-exp(-k app t)) + offset (Eq. 7)
Crystallization, X-ray data collection and structure refinement -Both D641A and D641N mutants were co-crystallized in the presence of substrate suc-Gly-Pro-Nan using the conditions established for the wild type enzyme (28) . Crystals belong to the orthorhombic space group Statistics for the data processing and refinement are given in Table I .
Please insert table I here RESULTS pH-rate profiles -The reaction of wild-type prolyl oligopeptidase with the Z -Gly-Pro-Nap substrate has revealed two pH dependent enzyme forms, arising from the change in the ionization state of some enzymatic group (30) . The two forms prevail in the presence of 0.5 M NaCl, but the high salt concentration increases k cat /K m by a factor of about 2.5 (Table II) . The pH rate profile of the D641N variant also displays doubly bell character both in the presence and the absence of 0.5 M salt (Fig. 1A) . However, the points do not properly fit to the theoretical doubly bell curve (Equaion 2, thin line in Fig.1A ), indicating that additional ionizing groups affect the reaction.
Clearly, the sharper slopes, which involve the participation of two acidic groups in the alkaline pH range, better follow the experimental points (Fig. 1A , thick lines, Equation 3 ). This decline in activity may be caused by reversible unfolding of the protein (42) . Importantly, the rate constants are lower by 3 orders of magnitude than those obtained with the wild-type enzyme (Table II) , and this underlines the essential role of the aspartate ion in the catalysis.
Please insert table II here
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The activity of the D641A enzyme variant is also reduced by three orders of magnitude, although the rate constant is slightly higher than that for the D641N variant (Table II) . In the absence of 0.5 M NaCl, the reaction of the D641A variant exhibits a virtually proper doubly bellshaped pH-rate profile (Equation 2); namely, the additional acidic group observed with the D641N enzyme is not noticeable with the D641A variant (Table II , Fig 1B) . In contrast to the D641N enzyme, the D641A variant gives a simple bell-shaped curve in the presence of salt. For the D641A variant, particularly at high salt concentration, the pH optimum is shifted towards the lower pH, so the activity of the low-pH form of the enzyme becomes predominant relative to the high-pH form.
The enhancement of rate with the increase in ionic strength is a further difference between the wild -type enzyme and its variants. Compared to the wild-type enzyme, the rate increase is significantly less with the high-pH form of the D641N variant and practically does not change with the low-pH form. In the case of the D641A variant, the effect of salt leads to an alteration in the pH-rate profile by eliminating the doubly bell character of the curve.
The pH dependencies of the prolyl oligopeptidase variants are substantially different from that observed with the D102N trypsin. At neutral pH, the mutant trypsin was approximately 10 4 times less active than the unmodified enzyme. With the increase in pH, the activity considerably increased and approached that of the native enzyme. For these effects, a conclusive explanation could not be offered. The enhanced activity was assigned to the participation of either a titratable base or of a hydroxide ion (13) . In the catalysis of the prolyl oligopeptidase variants, such a contribution has not been observed; the reduced activity maintained over the entire pH range.
The leaving group effect -The wild-type prolyl oligopeptidase exhibits similar activities towards the Z -Gly-Pro-Nap and an octapeptide substrate (Table III) . As shown above, the rate constants for the reaction of the modified enzymes with Z-Gly-Pro-Nap diminish by three orders of magnitude (Table II) . Unexpectedly, the D641A and D641N variants were six orders of magnitude less active (rate constants are 4.62 and 3.73 M -1 s -1
, respectively) than that of the native enzyme towards the octapeptide (Table III) . Crystallographic studies revealed that the binding of the octapeptide is unaffected by the Asp641 m utation (data are not shown). The dramatic difference in activity implies that the contribution of the histidine residue is negligible to the catalysis of both enzyme variants. A similarly large decrease, i.e. six orders of magnitude, was found in the reaction of subtilisin with suc-Ala-Ala-Pro-Phe-Nan, when the catalytic histidine was eliminated by replacement with an alanine (43) .
Please insert table III here
As for the D641N and D641A enzyme variants, the different rates of hydrolysis of the octapeptide and the naphthylamide substrates may arise from the greater strength of the peptide bond compared with the strength of the scissile bond of the naphthylamide substrate. Apparently, the defective active site is less effective against the stronger bond. As mentioned above, it is the catalysis, not the binding that is impaired. Indeed, the K m values are similar for the reactions of the wild-type enzyme and its variants when tested with Z -Gly-Pro-Nap (Table III) . The Km values were shown to approach K s , the enzyme-substrate dissociation constant with peptide and amide substrates in the case of serine peptidases (10, 11) . The binding of the octapeptide, not perturbed by a subsequent catalytic step, was measured by using an inactive variant (S554A) of prolyl oligopeptidase, as described in the Experimental Procedures section. The determination exploited the internal quenching of the octapeptide, which was abolished upon binding to the peptidase (Fig   2) . The results have shown that the binding constant, K s , does n ot change too much upon modification of the aspartate of the catalytic triad (Table III) . Interestingly, the binding seems to be stronger with the enzyme variant. The K m and K s for the octapeptide could not be compared because the former was measured with the native enzyme and the latter with the inactive S554A variant.
Please insert figure 2 here
The above results suggest that the hydrolysis of a substrate possessing a better leaving group deteriorates to a lesser extent as a result of the modification o f Asp 641 . Therefore, we have examined the hydrolysis of Z-Gly-Pro-ONp, which has a very good leaving group, 4-nitrophenol.
The reactions were carried out at pH 7.0, where the spontaneous hydrolysis of the substrate was less significant than at higher pH. T he rate constants were corrected for the non-enzymatic hydrolysis, still present at pH 7. Interestingly, the specificity rate constants for the enzyme variants did not appreciably change, whereas k cat and K m both diminished by 3 orders of magnitude (Table III) .
In the reaction of the wild -type enzyme with Z -Gly-Pro-ONp, the formation of the acyl enzyme (k cat /K m ) is the rate-determining step (44) , and this appears to change to deacylation (k 3 )
with the modified enzymes. The rate constants are defined by Equa tions 9 and 10, where ES is the enzyme-substrate complex, EA refers to the acyl enzyme, and P 1 and P 2 are the reaction products. The k cat /K m is a complex constant, which involves not only the dissociation constant of the enzyme substrate complex ( K s = k -1 /k 1 ) and k 2 but also a substrate-induced conformational change (45) .
The decrease of a similar magnitude in both kcat and Km can be interpreted in several ways. (i)
The binding and the rate constant change to the same extent. However, this is not supported by the small change in the K s values for the octapeptide, as shown in Table III In addition to the nitrophenyl ester, we have investigated the thiolester, Z -Gly-Pro-SBzl, because the thioalcohol is also a good leaving group although not as good as the 4-nitrophenol.
The study of the thiolester is required if the present results are to be compared with those obtained from the kinetic studies on D102N trypsin, since the latter study was performed with a thiolester substrate (13) . The hydrolysis of thiobenzyl esters is generally measured in the presence of 5,5'-dithiobis(2-nitrobenzoate) or 4,4'-dipyridyl disulfide (46) . This method was not applicable to prolyl oligopeptidase, which has a number of thiol groups. Moreover, the reaction mixture contains DTE. Therefore, we exploited the UV absorbance of the thiolester, possessing a maximum of about 240 nm, which diminished during the hydrolysis. It was found that the thiolester exhibited an interme diary behavior between the nitrophenyl ester and the naphthylamide substrates (Table III) In the absence of 0.5 M NaCl, a simple K i could not be obtained for the complex of Z-GlyPro-OH with either the D641N or the D641A enzyme variant. Namely, the experimental points departed from the curve defined by Equation 4 (Fig. 3A) , and the data conformed to a doubly exponential decay, suggesting that the inhibitor binding was of a complex type. In the absence of salt, appropriate fitting was observed only below pH 6.
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Using the D641A variant, we obtained correct fitting at 0.5 M NaCl concentration (Fig. 3B) .
Therefore, the pH dependence of 1/K i was determined in the presence of 0.5 M NaCl. The association constants w ere plotted against pH. The acidic limb of the resulting bell-shaped curve did not properly fit to the points, and suggested that at least two ionizing groups accounted for the deviation (Fig. 4) . In the low pH range, where 1/K i for the wild-type enzyme increased (thin line in Fig. 4) , the association constant for the enzyme variant decreased rather than increased and provided substantially lower values for 1/Ki. This may account for the considerably reduced association constant, in particular at low pH. A similar pH dependence was obtained with the D641N variant at 0.5 M NaCl concentration, indicating that the catalytic histidine of this enzyme variant cannot be titrated either. However, the association constant of the inhibitor was somewhat higher than that of the D641A variant (Table IV) . At low pH when double protonated the imidazole group of His 680 may change conformation, and thus it cannot form a salt bridge with the carboxyl group of the inhibitor. However, this would require an unfavourable conformation of His 680 (see later). As for the wild-type enzyme, the acidic form of the imidazole group with a pK a of 6.2 is responsible for binding (47) . In contrast, with the modified enzyme a basic group with a pKa of 6.2 is the competent form in the acidic pH range, as is an acid with a pKa of 7.5 above neutrality. The weakening of binding in the acidic region is not consistent with an ionic interaction between the protonated histidine and the inhibitor, indicating that the protonated imidazole is not available for the carboxylate group of the inhibitor.
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Alkylation of the catalytic histidine -In the case of the D102N trypsin variant the rate of alkylation of the active site histidine lowered by about a f actor of 3-5 (13), which is a slight effect compared to the damage in the catalysis. Using Z -Gly-Pro-CH 2 Cl, we have alkylated prolyl oligopeptidase and its variant with similar results. For the alkylation studies, the C255A variant of prolyl oligopeptidase was used because Cys 255 , which is located at the binding site region, is a potential target of the alkylating agent (48) and its modification could interfere with the alkylation of histidine. The inactivation of the enzyme was followed in the presence of substrate under pseudo-first-order conditions. The suc-Gly-Pro-Nan and Z -Gly-Pro-Nap were used in the reactions with the native and the modified enzymes, respectively, and k app was calculated from Equation 7. Since K i , the dissociation constant of the enzyme-inhibitor complex was low, the condition that I 0 must be much higher than E 0 could not be appropriately satisfied. Therefore, k app was determined at high concentrations of inhibitor (>50 K i ), where it was equal to k inact . The inactivation was rather slow (Table V) Both D641A and D641N mutants were crystallised in the presence of substrate suc -Gly-ProNan, therefore the hydrolysed product is bound to the active site in the usual manner ( The pH-k cat /K m profiles for the prolyl oligopeptidase variants D641N and D641A maintain the doubly bell-shaped character of the wild -type enzyme. The pK a values extracted from the curves are meaningless apparent parameters. The true pK a of His 680 could be titrated in the in the wildtype enzyme, but not in the defective variants (Fig. 4 ). An interesting difference between the corresponding variants of trypsin and prolyl oligopeptidase was found in the alkaline pH region.
With the trypsin variant the hydrolysis substantially augmented with the increase in pH (13), whereas with the prolyl oligopeptidase variants the pH-rate profiles essentially persisted, even at high pH. The reason for the distinct behavior is not clear.
As for the D102N variant of trypsin, it was claimed that the activity o f the mutant enzyme towards a variety of substrates (12), specifically towards a thiolester and a nitroanilide (13), was equally reduced by four orders of magnitude. In contrast, with the prolyl oligopeptidase variant the k cat /K m was highly dependent upon the substrate employed. The change was virtually zero for the nitrophenyl ester and six orders of magnitude for the octapeptide substrate. This huge difference implies that the contribution of the catalytic triad is more needed when a stronger bond is to be cleaved.
The binding of the octapeptide substrate was not significantly affected by the modification of the Asp641, as indicated by the moderate change in the K s value for the enzyme variant (Table III) . The similar binding is also consistent with the crystal structure of the enzyme -substrate complex, which is practically the same as is the corresponding complex formed with the wild- In order to properly function, only the histidine tautomer that is deprotoned at N ε2 is catalitically active (Fig. 6 A) . The D102N mutation in trypsin resulted in the incorrect tautomer form (Fig. 6 B) . In contrast, the D641N mutant of prolyl oligopeptidase underwent structural perturbation, which resulted in retention of the correct tautomer of the catalytic histidine (Fig.   6C ). This is supported by the fact that Asn 641 is pushed out of hydrogen bonding range from Nδ1
of His 680 to a van der Waals distance; i.e. Nδ1 cannot act as a proton acceptor.
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In the wild-type trypsin structure His 57 is in an energetically unfavourable conformation . The gauche + (χ1 ~ 60°) conformation is adoptable for His 680 (solvent region in the cavity), but is highly unfavourable.
Although our crystal structure determination argues for similar positions of the imidazole ring in the wild type and the modified enzymes, the different binding constants of the product-like inhibitor, Z -Gly-Pro-OH (Table IV) , are apparently inconsistent with an unchanging imidazole ring. Indeed, a large difference is observed below pH 6 (Fig. 4) , where the histidine becomes double protonated, and structural data are not available because proper crystals could not be obtained at low pH. Thus, some movement of the imidazole ring, which precludes the inhibitor binding as in the wild type enzyme, cannot be excluded. 
